Codends are the rear parts of trawls, which collect the catch and where most of the selectivity process occurs. Selectivity is the process by which the large fish are retained while the small ones are released. The codends applied in many fisheries often consist of only one type of mesh. Therefore it is reasonable to consider these codends as being axisymmetric. Their shapes depend mainly on the volume of catch, on the shape of meshes (diamond, square, hexagonal) and on the number of meshes along and around the codend. The shape of the codends is of prime importance in order to understand the selectivity process. This paper presents a model of deformation of codends made up of hexagonal meshes. Two types of hexagonal meshes have been investigated: the T0 codend where two sides of the hexagons are in axial planes and the T90 codend where two sides are perpendicular to the codend axis. The forces involved in this model are twine tension and catch pressure.
Introduction of the codend is 90
• Figure 1 ). Although in most fisheries the codends are
48
T0 type (the knots are in axial planes), in some cases, e.g. Baltic Sea for cod 
54
Figure 2: Usual netting used at sea [16] . The meshes could be considered as hexagonal:
the knot is a side of the hexagon, as highlighted. If the codend axis is horizontal, at the top the netting is of the T0 type, while at the bottom it is that of the T90. 
where θ is the angle between the two radial planes passing by ia and ib
82
(Rad) and nbr is the number of meshes around.
83
The reason is that the neighbouring nodes ja and jd belong to a radial 84 plane which gives an angle 2θ with the plane XOZ. This is due to axisym-85 metry. Likewise the nodes jb and jc belong to another radial plane which 86 gives an angle −2θ with the plane XOZ. Due to equilibrium, the nodes ib 87 and ic have to be in a radial plane just between the radial planes of ja and 88 ia.
89
From this definition of node positions, we are able to say:
With ia x the position of ia along X axis and ia r its radial position. Where suffix x refers to the position along the X axis and suffix r to the 94 radial position.
95
The position of the neighbouring nodes is:
96 ja = (ia x , ia r sin 2θ, ia r cos 2θ) 97 jb = (ib x , −ib r sin θ, ib r cos θ) 98 jc = (ic x , −ic r sin θ, ic r cos θ) 99 jd = (id x , id r sin 2θ, id r cos 2θ)
It can be seen from the previous equations that the position of nodes 100 on the meridian and of the neighbours depend only on the axial and radial
101
positions of the nodes of the meridian (such as ia x , ia r , ib x , ib r ). between ib and ja is Uib, with U standing for upward.
110
With this definition, the vectors along the twines which emerge from node 111 ia are:
The vectors along the twines which emerge from node ib are:
The vectors along the twines which emerge from node ic are:
The vectors along the twines which emerge from node id are:
Some of these twine vectors are equal: of the twine. When the twine is compressed, the rigidity is null in order to 129 take into account the very low resistance of the twine to the compression.
130
The other twine tensions have similar expression.
131
The force on node ia coming from the twine tension is
From the other 3 nodes (ib, ic and id) of the mesh i, the forces have The hydrodynamic forces that act on the catch exert a pressure force on 136 the codend netting that can be described by [13]
where P is the pressure due to the catch (N/m 2 ), ρ is the water density 
140
For the T0 codend with a catch which covers the nodes ia and ib, the 
2.5. Positions and forces in the T0 codend
164
It has been seen previously that the unknowns of these equations are only 165 ia x , ia r , ib x , ib r , ic x , ic r , id x and id r for the mesh i. This means that the 166 total unknowns for the whole meridian are
This vector of polar positions begins by the node 0d which begins mesh 169 1 and it is followed by the four nodes of mesh 1 (1a, 1b, 1c and 1d) and 170 finishes with the four nodes of the last mesh n (na, nb, nc and nd). In order
171
to use the Newton-Raphson method to find the equilibrium position of the 172 meridian, the force vector F must follow the same order:
This means that for each node the polar components of force (F ia x and 174 F ia r for node i) have to be calculated from Cartesian components (F ia x ,
175
F ia y and F ia z of equation 2) and from the forces already known (equations 176 4 to 11).
177
For nodes of type a and d the polar components of forces are
because these nodes are in the plane X0Z and consequently the z coor-182 dinate is also the r coordinate.
183
For the nodes of type b and c the polar components of forces are
F ic r = sin θF ic y + cos θF ic z because these nodes are in a radial plane which gives an angle θ with the 188 plane X0Z.
189
With these conditions the force vector is
Boundary conditions of the T0 codend

191
The boundary conditions of the model have to be determined. They are The node 0d refers to the entrance and the node nd refers to the closure.
198
r 0 is the entrance radius. of the nodes h k is calculated by the equation
where h k is the displacement vector of the nodes (m), F(X k ) is the force 
207
The position at the next iteration X k+1 is then calculated by X k+1 =
208
X k + h k . This process is repeated until the residual force, F(X), is less than 209 a predefined amount.
210
It is necessary to determine an initial position of the nodes along the 211 codend, which is assumed at this point to be a straight horizontal line aligned 212 at the entrance radius except for the last node which is on the axis of the 213 codend closure. Thus, the initial shape of the codend is a cylinder. 
228
In the following example of figure 6 a netting which attempts to represent 229 the netting of figure 2 has been used.
230
In this case
231
• n = 50, number of meshes along meshes. The knot is 2.5cm long when the twine is 5cm long. The catch covers 5 meshes at the top, 10 in the middle and 20 at the bottom. This figure must be compared to figure   9 , where the same piece of netting is used but turned 90deg.
• EA = 68000N/m, stiffness of twines
238
• V = 1.5m/s, towing speed
239
• r 0 = 0.25m, entrance radius
240
The calculation also finds for a catch covering 10 meshes
241
• The traction on entrance = 1507.53N
242
• The drag on the catch = 1507.54N
243
• The maximal radius = 0.636m
244
• The thickness of the catch = 0.818m
245
• The length of the codend = 6.616m
246
• The surface of the netting in contact with the catch = 3.592m
• The volume inside the netting in contact with the catch = 0.832m
It can be seen that, as expected, the reaction on the entrance equals the 249 drag on the catch. This equality can be explained by mechanical considera- value is very close to the expected one (0.3119m).
298
examining the nodes belonging to one row of twine along the codend length.
301
This row is highlighted at the bottom of figure 1 and in figure 8 and it is 302 called the meridian. As mentioned previously (chapter 2), it is only necessary to consider the 304 twine tensions and the pressure forces that act in the region of the catch. 
Nodes of the T90 codend
306
The meridian consists of nodes from i1 to im. The node i1 is at the 307 entrance while im is the last node. The row of nodes from j1 to jm is just 308 above the meridian in figure 8 , while the row of nodes from k1 to km is just 309 below the meridian. Consequently the distance between nodes j4 and k4 310 covers just one mesh around. This is true for nodes j and k with the same 311 suffix (4, 5 ...).
312
A mesh around covers an angle θ which is
where nbr is the number of meshes around.
314
The nodes j with an odd suffix ( j5, j7 ...) are not noted in figure 8 ,
315
because they are not used in the following. The plane XOZ is chosen in 316 order to be in the middle of the nodes i and k.
317
This means that if
Consequently the angle between node k4 and the plane XOZ is such that:
It follows that the angle between the plane XOZ and the node j4 is 321 θ − β4.
322
This gives for node j4 323 j4 = (i4 x , i4 r sin(θ − β4), i4 r cos(θ − β4))
With i4 r the radius of node i4:
Accordingly, once the Cartesian coordinates of node i4 are known the 326 coordinates of k4 and j4 are also known. This is true whatever the suffix of 327 node i.
328
If the number of meshes along is n, the suffix of the last node m is 329 m = 2n + 1
Twines of the T90 codend
330
The twines can be defined from node positions. A twine links 2 nodes 331 and it is defined as a vector. between i5 and i4 is backward and it is called Bi5 ( figure 8) , B for backward.
335
The twine between i5 and i6 is Fi5, with F for forward. Finally the twine 336 between i5 and k5 is Ai5, with A for around.
337
According to this definition, the vectors along the twines which emerge 338 from node i4 are:
According to this definition, the vectors along the twines which emerge 343 from node i5 are:
Some of these twine vectors are equal: In the case of the T90 codend and of a catch which covers the portion of 357 netting between nodes i4 and i5, as seen previously (chapter 2.4)
With 361 F i4 x (F i5 x ) the force on node i4 (i5) along the X axis, F i4 r (F i5 r ) the 362 force on node i4 (i5) along the radial and P determined by equation 3. These 363 forces are due to the portion of netting between nodes i4 and i5. In the same 364 way, if the catch covers the netting between nodes i5 and i6, the forces due 365 to the pressure of the catch are
From these radial forces (F i4 r ) it is necessary to calculate the Cartesian 370 force components (F i4 y and F i4 z ) as it has been done for forces due to twine It has been seen previously that the unknowns of these equations are only 376 the Cartesian coordinates of the nodes along the meridian (i4 x , i4 y , i4 z , i5 x , 377 i5 y , i5 z ...). This means that the total unknowns for the whole meridian is
This vector of Cartesian positions begins with the node at the entrance
380
(i1 x , i1 y and i1 z ) and finishes with the node on the cod-line (n1 x , n1 y and 381 n1 z ). In order to use the Newton-Raphson method for finding the equilibrium 382 position of the meridian, the force vector F must have the same order:
This means that for each node the Cartesian components of force (F 4 x ,
384
F 4 y and F i4 z for node i4) have to be calculated from Cartesian components
385
(i4 x , i4 y and i4 z ) already known (equations 13, 14, 15, 16). and fixed (to r 0 ) and at the closure the radius must be 0m:
If we accept that the length between i1 to k1 is only l 0
The force components are added at each node in vector F and the Newton-
396
Raphson scheme is used to assess the equilibrium position. This method is an 397 iterative method where, for each iteration k, the displacement of the nodes 398 h k is calculated by the equation
where h k is the displacement vector of the nodes (m), F(X k ) is the force 400 vector on the nodes (N ), and −F (X k ) is the stiffness matrix calculated as 401 the derivative of F relative to X(N/m).
402
403
X k + h k . This process is repeated until the residual force, F(X), is less than 404 a predefined amount.
405
It is necessary to determine an initial position of the nodes along the 406 codend, which is assumed at this point to be a straight horizontal line aligned 407 on the entrance radius except for the last node which is on the axis for the 408 closure of the codend. Thus, the initial shape of the codend is a cylinder. 
423
In the following figure 9, a netting which attempts to represent the netting 424 of figure 2 has been used.
425
426
• n = 50, number of meshes along by O'Neill [8] .
467
The comparison of results obtained by this model with an analytical so-
468
lution or a 3D model is relatively good: the difference is less than 1% for the 469 dimension and less than 3% on the drag.
470
The hypothesis that twines are fully compressible, which means that they 
475
The drag on the netting has not been taken into account because, gener-476 ally speaking, this drag is considered negligible in relation to the drag on the 477 catch. For a very small catch we suppose that this point is also debatable.
478
Future work could verify this aspect.
479
The entrance diameter is constant and could be determined by the user 480 in the present model. In a real trawl this point is questionable, and it would 481 be more accurate to remove the constraint from this diameter. In this case,
482
the twines emerge horizontally from the entrance contrary to figure 6.
483
The Newton-Raphson method has been used to solve the equilibrium of 484 the cod-end, the Newmark scheme could also be used. The Newmark scheme 485 does not use the Jacobian and is therefore easier to implement.
486
We suggest that these models of hexagonal mesh codends could be used 
